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The limits of the areal storage density as can be achieved with heat assisted magnetic recording
(HAMR) are still an open issue. We want to address this central question and present the design of a
possible bit patterned medium with an areal storage density above 10Tb/in2. The model uses hard
magnetic recording grains with 5 nm diameter and 10 nm height. It assumes a realistic distribution
of the Curie temperature of the underlying material as well as a realistic distribution of the grain
size and the grain position. In order to compute the areal density we analyze the detailed switching
behavior of a recording bit under different external conditions, which allows to compute the bit error
rate of a recording process (shingled and conventional) for different grain spacings and write head
positions. Hence, we are able to optimize the areal density of the presented medium.
I. INTRODUCTION
Although the basic concept of heat assisted record-
ing (HAMR) reaches back almost 60 years [1] only
very recently the first fully functional drive was real-
ized with more than 1000 write power on hours [2, 3]
and a 1.4Tb/in2 device was demonstrated [4]. In or-
der to keep up the continuous increase of areal storage
density (AD) the following factors are essential (i) pro-
vide small magnetic grains and (ii) provide a recording
scheme with a high effective write field and temper-
ature gradient in order to allow for small bit transi-
tions. To realize small magnetic grains high magnetic
anisotropy has to be used to ensure that the stored
binary information is thermally stable. The limited
maximum magnetic field of write heads results in the
so called magnetic recording trilemma. HAMR [5–8]
can help to overcome this trilemma. One uses a laser
spot to locally heat the selected recording bit near or
above the Curie temperature (TC). Hence, even the
magnetization of very hard magnetic materials can be
reversed with the available write fields. Nevertheless,
thermally written-in errors are a serious problem of
HAMR [9]. In this paper we will show under which
circumstances a bit patterned recording medium, con-
sisting of hard magnetic single phase grains, can have
an areal storage density of 10Tb/in2 and more, de-
spite thermal fluctuations at high temperatures during
writing, which significantly deteriorates the bit tran-
sition, as well as the distribution of the Curie temper-
ature of the recording grain are considered.
∗ christoph.vogler@tuwien.ac.at
II. MODEL
The accurate calculation of the magnetic behav-
ior of a recording grain is a challenging task. Dur-
ing HAMR temperatures near and above TC of the
involved materials can occur, and thus a meaning-
ful physical model should be able to reproduce the
phase transition from a ferromagnetic to a param-
agnetic state at TC. We use the Landau-Lifshitz-
Bloch (LLB) equation for this purpose, which has
already been validated in different publications [10–
19]. In this work we use the formulation proposed by
Evans et al. [16]. To accelerate the simulations in or-
der to provide an insight into the detailed switching
behavior of realistic recording grains we use a coarse
grained approach. For detailed information about the
used coarse grained LLB model please refer to [20].
In summary, in the coarse grained LLB model each
material is described with just one magnetization vec-
tor. With this approach recording grains with realistic
lateral dimensions of several nanometers can be effi-
ciently simulated with low computational effort. Nev-
ertheless, the resulting dynamic trajectories reproduce
the according computationally very expensive atom-
istic simulations.
K1 [J/m3] JS [T] Aex [pJ/m] TC [K]
6.6 · 106 1.43 21.58 536.94
TABLE I. Magnetic properties of the HM recording grain.
In this work we investigate recording grains with a
diameter of 5 nm and a height of 10 nm. They con-
sist of a hard magnetic (HM) material with uniaxial
anisotropy and strong exchange coupling. The de-
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2tailed material parameters can be found in Tab. I.
The heat source is assumed to be a continuous
Gaussian shaped heat pulse in space and time, which
moves over the recording medium, if not stated dif-
ferently, with a velocity of v = 7.5m/s. The pulse is
modeled with
T (x, y, t) = (Twrite − Tmin) e−
(x−vt)2+(y−y0)2
2σ2 + Tmin
(1)
being
σ =
FWHM√
8 ln(2)
, Tpeak = (Twrite − Tmin) e−
(y−y0)2
2σ2 +Tmin
where FWHM is the full width at half maximum of the
spatial Gaussian, x is the down-track position of a bit
and y− y0 is the off-track distance between heat spot
and bit. Depending on the off-track distance the tem-
poral heat pulse reaches different peak temperatures
Tpeak. State of the art near field transducers allow a
narrow FWHM of 20 nm. All performed simulations
start with an initial temperature of Tmin = 270K. The
external magnetic field aligning the magnetization of
a bit is assumed to be homogeneous in space with a
strength of 0.8T and is modeled with a trapezoidal
shaped pulse with a duration of 1 ns and a field rise
and decay time of 0.1 ns, respectively. At the start
and the end of the simulation time the field points
down and in the middle it switches to the up direc-
tion, yielding a symmetric pulse in time. The down-
track position x as well as the off-track distance y−y0,
and thus Tpeak are of great importance for a success-
ful write process with a small bit error rate. As il-
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FIG. 1. (color online) Schematic illustration of the bits
involved during a) shingled and b) conventional HAMR.
B denotes the bit which has to be written. The down-
track bit D and all adjacent bits Ai have to remain in
their original state.
lustrated in Fig. 1 we examine the areal density of
both conventional as well as shingled recording. The
recording head, including the heat spot with a tem-
perature of Twrite, moves in down-track direction over
the bits and tries to write bit B. Along one track the
peak temperature Tpeak is the same for all grains.
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FIG. 2. (color online) Switching probability phase dia-
gram for a single phase HM grain. An external mag-
netic field of 0.8T is applied to the grains. Each phase
point consists of 128 switching trajectories with the same
down-track position and the same peak temperature. The
solid lines around the phase transitions separate the dark
red areas, where complete switching occurs (P > 99.9%)
and the light green areas, where no switching is possible
(P < 0.1%), or where the grain switches in −z and back
to +z-direction, which finally also counts as non-switched.
The phase diagram already contains a distribution of the
Curie temperature of σTC = 3%TC.
III. RESULTS
Our goal is to investigate the switching behavior of
the HM grain in order to calculate the areal density
of a bit patterned medium. Since the coarse grained
LLB approach is fast and reliable, a detailed phase
diagram of the switching probability P can be sim-
ulated, as illustrated in Fig 2. Here the influence of
the peak temperature of the heat source and its down-
track position is examined. In each simulation a full
heat pulse is applied to the grain with an additional
external field pulse, trying to switch the particle from
the +z to the −z-direction. After the simulation the
state of the particle, if it has switched or not, is eval-
uated. In each phase point 128 trajectories are calcu-
lated to obtain a switching probability. The resolution
of the diagram in the temperature axis is 5K and in
the down-track position axis 0.75 nm. Hence, the di-
agram contains the data of about 450 000 switching
trajectories. The contour lines near the phase tran-
sitions separate the dark red areas with P > 99.9%
from the light green areas with P < 0.1%. A dis-
tribution of the Curie temperature of σTC = 3%TC
is considered. The diagram shows a core with com-
plete switching above the Curie temperature and at a
down-track position of about −7.5 nm. The obtained
plot can be interpreted as the footprint of the record-
ing head. Along the y-axis in the red area all grains
are written in the −z direction and in the green area
the grains are pointing in the +z-direction (either be-
cause they were written from +z to −z and back to
+z, or they could not be reversed at all and are still
in the +z-direction).
Even more important than the switching distribu-
3tion is the knowledge of the bit error rate (BER) dur-
ing a recording process. With the data of the detailed
switching phase diagram in Fig. 2 it is possible to
directly calculate the BER for shingled and conven-
tional HAMR for a bit patterned medium. Figure 1
compares the relevant bits for the calculation of the
BER according to
BER = 1− PB (1− PD)
j∏
i=0
(1− PAi)n . (2)
The total BER of bit B contains the product of the
joint probability to successfully write bit B, but not
the previous bit D on-track and not the adjacent bits
Ai down-track, which have to remain in the same mag-
netic state. The exponent n in Eq. 2 denotes the num-
ber of write processes for which all adjacent bits have
to retain their state. During shingled recording the in-
formation of a whole block is written at once. Hence,
just the adjacent bits A0 to A4 in Fig. 1a) have to be
considered in Eq. 2 with n = 1. During the conven-
tional recording technique one track is written. Thus,
one has to account for the adjacent bits on both sides
off-track to compute the BER. Furthermore, it is re-
quired that the adjacent bits are stable for at least
n = 1000 write processes. To calculate the switch-
ing probability P of each bit the relative down-track
position of the bit and the heat spot and their off-
track distance, in order to determine the peak tem-
perature of the heat pulse at the track, have to be
computed. The correct switching probability can then
be obtained from Fig. 2. As a consequence the BER is
calculated for an arbitrary heat spot position accord-
ing to Eq. 2. We also account for a grain size and dis-
placement distribution (σbitSize and σbitPos) as well as
a distribution of the write head position (σheadPos) in
agreement with the guidelines of the Advanced Stor-
age Technology Consortium (ASTC)
σbitSize = 5% min(lx, ly)
σbitPos = 5% min(lx, ly)
σheadPos= 2% lx, (3)
where lx and ly are the center to center spacings be-
tween neighboring recording bits in x- and y-direction,
respectively. Hence, the total displacement jitter is
σdispl =
√
σ2bitSize + σ
2
bitPos + σ
2
headPos. (4)
In our analysis of the BER we can optimize two pa-
rameters in order to maximize the areal storage den-
sity AD:
• the write temperature Twrite of the heat source
for a given spacing of the recording grains and
• the the off-track spacing ly of the medium for a
given write temperature.
The down-track distance is determined by lx =
vtfield = 7.5nm, where tfield = 1ns is the duration of
the magnetic field pulse. The left plots of Fig. 3 show
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FIG. 3. (color online) Areal density optimizations of a)
shingled and b) conventional HAMR of a HM grain at
a write field of 0.8T. On the left a map of possible off-
track grain spacings and write temperatures to successfully
switch bit B under the constraint of BER < 10−3 is shown.
The white area illustrates parameters where BER ≥ 10−3
for all heat spot positions and in the purple area at least
one position with BER < 10−3 can be found. A displace-
ment jitter according to Eqs. 3 and 4 is considered. In
case of the grain arrangement with the highest possible
areal density, the BER for different heat spot positions x
and y is shown in detail on the right. The black points
display positions where BER < 10−3. The bit B has to be
written while all neighboring bits D and Ai should retain
their state.
the optimizations for both shingled and conventional
recording. These plots distinguish between pairs of
Twrite and ly for which at least one heat spot posi-
tion can be found in order to guarantee BER < 10−3
and for which BER ≥ 10−3 for all positions. Under
the requirement of displacement and size distributions
according to Eq. 4 it is just required to find a single
heat spot position with BER < 10−3. For conven-
tional recording ly increases for decreasing write tem-
peratures as long as Twrite is large enough to write
bit B with a high probability. This fact is not sur-
prising because for a fixed down-track spacing the ad-
jacent tracks can be placed closer to the write track
for smaller heat spot temperatures without any risk
of adjacent track erasures. We see a contrary behav-
ior for shingled recording. Here the heat spot can be
placed off-track and one can use the higher tempera-
4ture gradient of the heat pulse between the tracks to
significantly reduce the off-track distance.
In case of maximum AD the plots at the right-hand-
side of Fig. 3 display the map of the BER for different
positions of the heat source. As an illustration also
the involved bits are shown. The black points indi-
cate the head positions with BER < 10−3. The BER
maps confirm the above statements. Table II shows
lx [nm] ly [nm] Twrite [nm] σTC [%TC] AD [Tb/in2]
SR 7.5 6.0 715.0 3 14.34
CR 7.5 12.5 595.0 3 6.88
SR 10.0 6.5 720.0 3 9.93
CR 10.0 13.0 595.0 3 4.96
SR 7.5 6.5 715.0 3.15 13.23
CR 7.5 13.0 595.0 3.15 6.62
TABLE II. Optimal areal storage densities and the cor-
responding off-track spacings and write temperatures for
shingled (SR) and conventional (CR) bit patterned record-
ing considering a TC distribution of the recording bits.
the final maximum AD with the corresponding pa-
rameters. Shingled recording reaches the remarkable
density of 14.34Tb/in2, which is more than twice the
AD than for conventional recording. Additionally we
simulated the same footprint as in Fig. 2 for a head
velocity of 10m/s fixing lx to 10 nm. The optimized
AD for these calculations can also be found in Tab. II
for comparison.
So far no interactions between the recording grains
were considered, as the switching probabilities of
Fig. 2 are based on trajectories of just one bit. Due
to the small distances between the bits, the demagne-
tization field of neighboring grains can influence the
effective write field of the recording head. Our simula-
tions show that a change in the applied magnetic field
shifts the phase transition in Fig. 2 along the peak
temperature axis. Additionally a slight broadening of
the transition area for larger fields can be mentioned.
The same effect is caused by a change of the Curie
temperature of the material. Hence, we are able to in-
clude the interaction of the recording bits due to their
demagnetization field in an additional distribution of
TC. To quantify this effect we inspect a complete finite
element model of bit B and its 24 nearest neighbors
with ly = 7.5 nm and ly = 6 nm. The total field at
B is calculated for 50000 configurations consisting of
randomly chosen magnetization down and up direc-
tions of the neighbors. A histogram of the resulting
field values allows to extract the underlying distribu-
tion and its standard deviation. With the computed
shifts of the transitions in the switching probability
diagrams for different applied fields the field distribu-
tion can be transferred to an additional distribution of
the Curie temperature. In total an increase of 5% in
σTC is obtained. As a consequence the AD of the bit
patterned medium slightly decreases to 13.23Tb/in2
for shingled and 6.62Tb/in2 for conventional record-
ing as shown in Tab. II. Even in the more conservative
scenario of a 10% increase of the TC distribution to
σTC = 3.3%TC the final AD does not significantly
change.
IV. CONCLUSION
In summary, we used an efficient coarse grained
LLB model [20] to calculate switching probabilities
and bit error rates of hard magnetic (FePt like) record-
ing bits with a diameter of 5 nm and a height of 10 nm
during HAMR. In our calculations we considered a
distribution of the Curie temperature of the record-
ing grains, as well as a distribution of the grain size,
its position and the position of the heat spot on the
medium. We also included interactions between the
bits in our calculations as additional contribution to
the intrinsic TC distribution. Hence, we obtained a re-
alistic model of HAMR, where we optimized the areal
density in terms of the spacings between the bits and
the write temperature of the heat spot. Based on this
model we presented a bit patterned recording medium,
which reaches an areal storage density of 13.23Tb/in2
for shingled and 6.62Tb/in2 for conventional record-
ing, if a heat spot with a full width at half maximum
of 20 nm and a velocity of 7.5m/s and an external
magnetic field of 0.8T is assumed.
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